Well-crystallized with excellent luminescent properties, Tb(BO 2 ) 3 nanorods were first successfully synthesized by a simple solid-state method with Ag as catalyst. The result of Xray diffraction showed that the Tb(BO 2 ) 3 nanorods could be well-crystallized at 700
I. INTRODUCTION
One-dimensional nanostructural materials, such as nanotubes and nanorods, have attracted a great deal of attention due to their special structures and fascinating properties which suggest potential applications in optics, magnetism, and electricity [1] [2] [3] . Various methods have been used to synthesize nanorods, such as template-based synthesis [4] , laser ablation [5] , catalytic growth [6] , arc discharge [7] , solution [8, 9] , and the vapor-phase transport process [10, 11] . The most widely used synthesis method is the vapor-phase transport process. Usually, the common growth mechanism, vapor-liquid-solid (VLS) mechanism [12] can be used to explain the growth of nanorods.
Rare earth ions have been widely used in highperformance luminescence devices, catalysts, and other functional materials because of the electronic, optical, and chemical characteristics originating from their 4f electrons [13] . The green luminescence of Tb 3+ has been extensively used in the lighting and displays its distinct 4f-4f transitions. The f-electrons of Tb 3+ ions are well shielded from the chemical environment and own almost retained atomic character [14] . In consequence, the f-f emission spectra of Tb 3+ consist of sharp lines. Rare earth borates have found wide applications in Hg-free fluorescent lamps and various kinds of display devices [15] , due to their high stability, low synthetic tempera- * Author to whom correspondence should be addressed. E-mail: zlq@hubu.edu.cn, Tel: +86-27-50865540, FAX: +86- ture, and high ultraviolet and optical damage threshold [16] . For example, Zn(BO 2 ) 2 :Tb phosphor has potential use as the materials of gamma-rays thermoluminescence dosimeter (TLD) for clinical dosimetry [17] .
Recently, the nanostructures of metal borate, such as Al 18 B 4 O 33 [18, 19] , MgB 4 O 7 [20] , Mg 2 B 2 O 5 [10] , and GaBO 3 [21] nanowires/nanorods has been made. These one-dimensional metal borate nanostructures have considerable potential for a wide range of applications, including high strength materials and electronic ceramics. However, few studies have been reported on the synthesis of rare earth borate nanorods. If rare earth borates are fabricated in the form of one-dimensional nanorods, they will have considerable potential for a wide range of applications due to high fictionalization as a result of their shape-specific and quantum-size effects.
In this work, we studied an Ag-catalyzed growth route of the Tb(BO 2 ) 3 nanorods. Especially, the Ag nanoparticle plays a crucial role in directing the crystal growth of Tb(BO 2 ) 3 nanorod based on the VLS mechanism. Moreover, the effect of calcining temperature on the structures, morphologies and luminescent properties of Tb(BO 2 ) 3 samples are investigated.
II. EXPERIMENTS
All chemicals were directly used without further purification. The preparation of Tb(BO 2 ) 3 precursor powders followed a simple route. 0.453 g of Tb(NO 3 ) 3 ·6H 2 O and 0.496 g of H 3 BO 3 (an excess of the boric acid was used to compensate for the evaporation of H 3 BO 3 in sintering process) were mixed together and homogenized in an agate pestle. And 0.015 g AgNO 3 was added to the mixture and decomposed to product Ag which acted as catalyst. After intimate mixing of the starting materials, they were calcined at 500
• C for 4 h, then were cooled to room temperature and ground in an agate mortar for 30 min. Subsequently, the mixed powders were again calcined at different temperatures 650, 700 and 800
• C for 6 h under carbon powder as reducing condition. Finally, the products of Tb(BO 2 ) 3 nanorods were obtained.
The purity and phase structure of the products were examined by X-ray powder diffraction (XRD) using a Rigaku D/max-3C X-ray diffractometer with Cu Kα (40 kV, 40 mA) radiation (λ=1.5406Å). The size and morphology of the products were observed by a field emission transmission electron microscopy (TEM, FEI Tecnai G20) with the corresponding selected area electron diffraction (SAED). The presence of elements was studied by an energy dispersive spectral (EDS) analyzer. The photoluminescence (PL) of products were characterized with a JASCO FP-6500 fluorescence spectrophotometer using a Xe lamp as the excitation source.
III. RESULTS
A. XRD analysis Figure 1 shows the XRD patterns of the as-prepared Tb(BO 2 ) 3 nanorods calcined at different temperatures. All diffraction peaks are obviously observed, which indicates that after being calcined at 650, 700, and 800
• C for 6 h, respectively, the products crystallized. The obtained diffraction peak of the product calcined at 650
• C could be indexed as a monoclinic Tb(BO 2 ) 3 with lattice parameters of a=7.808Å and c=6.296Å. These results are in good agreement with the reference data for Tb(BO 2 ) 3 (JCPDS card No. and no other crystalline phase can be detected. This indicates that the single-phase Tb(BO 2 ) 3 was successfully prepared at a temperature as low as 650
• C using solid-state method, which is rather low as compared with the conventional solid-state reaction. Further heating treatment in the range of 700-800
• C, it leads to an increase of diffraction peak intensity and a decrease of peak full-width at half-maximum. The explanation of this observation is that the crystal shape of the Tb(BO 2 ) 3 is more integral and the crystallite size increases with increasing temperature.
B. Morphology analysis
Typical TEM morphologies of the terbium borate Tb(BO 2 ) 3 calcined at 700
• C for 6 h are shown in Fig.2 • C, (b) 700
• C, and (c) 800
• C for 6 h, respectively. glomerated together due to the high annealing temperature and the repeated grinding process. Figure  2 (b) shows a high-magnification TEM image revealing that the straight nanorods have diameters about 100-200 nm, thicknesses about 30-50 nm and lengths up to 3 µm. It indicates that these Tb(BO 2 ) 3 nanorods not only are perfect single crystalline but also are single crystalline plane. They can be expected to have special properties and application, such as electronic device etc. Nanoparticles can be also found at the tips and middles of the Tb(BO 2 ) 3 nanorods in Fig.2(b) , which is the character of VLS growth mechanism [18, 19] . The EDS was used to characterize the composition of the nanoparticles. The EDS spectrum ( Fig.2(c) ) shows the nanoparticle on the middle mainly consisted of Ag and very small amount of B, O, and Tb elements, while the stem of the nanorod consisted of B, O, and Tb ( Fig.2(d) ). Quantitative analysis from EDS gave an approximate Tb:B:O atomic ratio of 1:3:6, which suggests that the nanorods may be Tb(BO 2 ) 3 , agreeing with the XRD analysis above. The presence of the alloy nanoparticles is indicative of a growth process by the VLS mechanism. These data from TEM and EDS analyses altogether are the proposed mechanism of VLS growth, indicating that Ag nanoparticle only functioned as a catalyst in Tb(BO 2 ) 3 nanorod growth.
To further study the fine structure of the above nanorods, Fig.3(a) is a TEM image of a single nanorod after prolonged ultrasonic treatment for about 30 min. It can be seen that the nanorod is sufficiently strong that it can hardly be destroyed by ultrasonic treatment. The corresponding selected area electron diffraction (SAED) pattern from the single nanorod is shown in Fig.3(b) . The pattern confirms that the rod-like nanostructure is single crystalline in nature and has a monoclinic crystal structure. The pattern also reveals that the nanorods are stable enough to withstand the irradiation of convergent high-energy electron beams.
C. Possible growth mechanism of Tb(BO2)3 nanrorods
Data from TEM and EDS analyses reveal that the growth of the Tb(BO 2 ) 3 nanorods may be dominated by the VLS process proposed for the nanorods grown by a catalytic-assisted technique [22] [23] [24] [25] . In VLS growth process, alloy metal particle is located at the growth tips and middles of the nanorod and acts as the catalytic active site. In our observation, some alloy drops are detected by the TEM images at the tips and middles of the nanorods, VLS mechanism is fit for the growth of Tb(BO 2 ) 3 nanorods.
In order to investigate the growth of the Tb(BO 2 ) 3 nanorods, we consider a series of different heating temperatures and thermal treatment time, which are important parameters that affect the morphology of the nanorods. If the reaction temperature is 650
• C, the as-obtained products are large quantity of short nanorods with 10 nm in diameter and 50-100 nm in length (Fig.4(a) ). The diameter and length of the nanorods increase with the increase of the heating temperature from 650
• C to 700 • C. When the heating temperature is lower than 650
• C, the products obtained are not nanorods but nanoparticles. However, these nanoparticles are oriented growth and finally form branch-like structures (Fig.4(b) ). When the reactants are heated to 800
• C, the products are relatively short whisker/rods with about 500 nm in diameter (Fig.4(c) ). These images (Fig.4 (a)-(c) ) confirm that the crystal shape of the Tb(BO 2 ) 3 is more integral and the crystallite size increases with increasing temperature. When the reactants are heated at 700
• C for 3 h, the rod-like structures are the intermediate products of Tb(BO 2 ) 3 nanorods, which are assembled from nanoparticles ( Fig.4(d) ). Therefore, the best yield and the regular morphology we wanted are proved to be gained at 700
• C for 6 h. In order to investigate the effect of Ag catalyst on the synthesis of nanorods, we did not use AgNO 3 in the reaction system. Finally, no nanorods could be found (Fig.4(e) ). It is suggested that Ag catalyst plays an important role in the growth of Tb(BO 2 ) 3 nanorod. Thus, the obvious changes of the products morphologies, sizes and crystal structures indicate that the influences of heating temperatures and thermal treatment time as well as the Ag catalyst are very important in the formation process of rod-like nanostructures by this method.
The growth of Tb(BO 2 ) 3 nanorods may involve the following steps. At the beginning, ultrafine Ag-Tb-B-O liquid droplets can be formed by reactions between the Ag nanoparticles and the Tb-B-O clusters, analogous to the formation of Au-In droplets on the InAs substrate [26] . In this process, Tb(NO 3 ) 3 ·6H 2 O will firstly melt at about 90
• C. Then H 3 BO 3 decomposes into B 2 O 3 at about 250
• C, and then B 2 O 3 will melt at about 450
• C according to phase diagram [27] . The nano-scale Ag particles may be dispersed into the liquid droplet which might dissolve the Tb-contained constituent and would be suspended in a liquid B 2 O 3 glass solution. All these nano-scale Ag particles will serve as the nuclei for the growth just like Fe 2 O 3 catalysts used in VLS [28] . As the increasing of the heating temperature, the Ag nanoparticles continually combined with Tb-B-O clusters, forming the Ag-Tb-B-O clusters. When a supersaturated solution is achieved, Tb(BO 2 ) 3 crystals will begin to grow from the droplets. Then the Tb(BO 2 ) 3 crystals continue to react with each • C, and (c) 800
• C for 6 h, respectively, (d) 700
• C for 3 h, (e) the sample without Ag catalyst.
other under Ag acting as catalyst and induce crystal growth, and the rod-like nanostructures are synthesized. Because Ag particles serve as nuclei, the lengths and the diameters of the nanorods will depend on the size of Ag particles. In our method, the starting materials were calcined at 500
• C for 4 h, then cooled to room temperature and ground in an agate mortar for 30 min, finally the mixed powders were again calcained at 700
• C for 6 h. Moreover, AgNO 3 decomposed to Ag about at 500
• C. So the Ag particles in the reaction have a uniform in diameters and result in the fabricated nanorods having uniform diameters and lengths. All these are consistent with the TEM observation. To understand the growth mechanism of these Tb(BO 2 ) 3 nanostructures, the following two reactions should be considered [29, 30] 
In VLS growth process, dissociation of the metal to prevent complete crust formation is very important [31] . In this experiment, nano-scale Ag particles dispersed into the liquid droplet which might dissolve the Tbcontained constituent and suspended in a liquid B 2 O 3 glass solution so that the product is not to be big agglomeration but nanorods.
D. Excitation and emission
The Tb(BO 2 ) 3 phosphors emit bright-green light under UV excitation. Figure 5 shows the excitation spectra of the Tb(BO 2 ) 3 samples calcined at 650, 700, and 800
• C for 6 h, respectively. The excitation spectra of the Tb(BO 2 ) 3 samples monitored with 546 nm emission of Tb mum at 231 and 283 nm in the range of 200-300 nm in the UV excitation spectra due to the f- [35] .
Upon excitation into the 7 F 6 → 5 L 10 transition at 369 nm, the obtained emission spectra (Fig.6) [36] . The luminescence provides us additional proof that the as-formed products are crystal well under the relatively low temperature solid-state process.
IV. DISCUSSION Figure 6 presents the effects of reaction temperature on the emission intensities of the emission bands of the Tb(BO 2 ) 3 products at 546 nm. The emission intensities increase with the increasing reaction temperature, reached maximum at 700
• C, and then decrease with further increase of the reaction temperature. When the calcination temperature ia 650
• C, the emission intensity of the Tb(BO 2 ) 3 nanorods is lower than that of the 700
• C treated sample. At this time, as the 650
• C heated sample is smaller in size than the 700 • C sample, these short and small nanorods have a greater surface detect concentration and, hence, increased nonradiative transition probabilities compared to the latter one [37] . Wang et al. reported that the crystallite size of Y 2 O 3 :Eu 3+ spherical phosphors increased with increasing synthesis temperature, which can be explained by the high energy supplied from the high synthesis temperature improving nucleation and crystallite growth [38] . The luminescence intensity significantly increased with increasing crystallite size within a certain range, high crystallinity, and good dispersion of doping components inside the host material. Similarly, when the calcination temperature reaches 700
• C, the short and small nanorods are converted into high crystallinity Tb(BO 2 ) 3 nanorods and the size of nanorods increases from 10 nm to 200 nm in diameter and from 100 nm to 3 µm in length. Therefore, the emission intensities of the emission bands at 546 nm of the Tb(BO 2 ) 3 nanorods increase when the calcination temperature is 700
• C. At calcination temperature of 800 • C, the emission intensities of the emission bands at 546 nm decrease with increasing calcination temperature. The Tb(BO 2 ) 3 nanorods aggregate into micrometer rod-like structures and the surface is relatively smooth with increasing calcination temperature as shown in Fig.4(c) . The surface-to-volume ratio of Tb(BO 2 ) 3 nanorods micrometer structures remarkably decreases, resulting in the luminescence intensity decreasing. These results indicate that the emission intensities of the emission bands at 546 nm of the Tb(BO 2 ) 3 products could be affected by the morphologies, sizes and crystal structures.
V. CONCLUSION
In summary, single-crystalline nanorods were successfully synthesized by directly calcining Tb(NO 3 ) 3 ·6H 2 O and H 3 BO 3 powders with Ag as catalyst at a relatively low temperature via a VLS growth mechanism and the crystal size could be monitored in the range of 10-500 nm, depending on the calcined treatment conditions. The structure and morphology of as-prepared phosphors were characterized by means of XRD and TEM. The monoclinic phase was identified in the Tb(BO 2 ) 3 nanorods obtained from 650
• C to 800
• C. At 700 • C, the nanorod is not only perfect single crystalline but also single crystalline plane. It is found that the PL intensities centered at 546 nm, which is ascribed to 5 D 4 → 7 F 5 transition, were affected by calcined temperature. The emission intensity of the Tb(BO 2 ) 3 nanorods at 700
• C heat treatment for 6 h reaches a maximum. 
VI. ACKNOWLEDGMENTS

